Since the classical discovery of Warburg (1) that fertilization of sea urchin eggs produces a sudden increase in the oxygen uptake, numerous investigators have attempted to correlate this increase to chemical changes. Perlzweig and Barron (2) found that the eggs of Arbacia punctulata contain carbohydrates and produce lactic acid. However, no increase in lactic acid formation was detected on fertilization. In 1933, RunnstrSm (3) found that 'during fertilization there is an increase in the formation of acid, the nature of which is still unknown. In 1935, ~3rstrtim (4) reported an increase in ammonia formation, which he attributed to the degradation of purines (5). This ammonia formfftion, in the opinion of Hutchens et al. (6) may be due to protein oxidation; i.e., oxidative deamination. An increased utilization of glycogen was demonstrated by 0rstrSm and Lindberg (7) and by Lindberg (8). A change in the solubility in ether and alcohol of lecithin and cephalin has also been noted: before fertilization all the cephalin is soluble in ether while after fertilization it becomes insoluble (9). Fertilization and membrane formation are essentially anaerobic processes since they can be obtained in the absence of oxygen while nuclear changes and cell division are essentially aerobic processes since they do not occur in the absence of oxygen (10). After fertilization there are an increased permeability of the cell membrane, and a channeling of oxidations via the cytochrome pathway, as shown by the inhibition of respiration of fertilized eggs by HCN and CO in contrast with the insensitivity of the unfertilized eggs to these agents (11). The increased oxygen consumption, added to an increased utilization of glycogen with the formation of an acid is an indication that during the fertilization process there is an increase of the oxidative phase of carbohydrate metabolism. Since the metabolism of carbohydrate in Arbacia eggs under anaerobic conditions ends with the formation of lactic acid, it is reasonable to conclude that the lactic acid comes from the reduction of pyruvic acid. (Arbacia eggs contain from 250 to 500 micrograms of diphosphopyridine nucleotide, the coenzyme for glycolysis, according to Jandorf and Krahl (12).) Hence, the oxidative phase must start either with the oxidation of pyruvic to acetic acid or with its carboxylation to oxaloacetic * An abstract of this work appeared in
acid and condensation to form cisaconitic and citric acids. The experiments presented in this paper show that the fertilization of Arbacia eggs is accompanied by a sevenfold increase in the utilization of pyruvate. The pathway of pyruvate metabolism is probably oxidative with the formation of acetic acid, since the cells are unable to oxidize the intermediary substances in the citric acid cycle; viz., a-ketoglutaric and succinic acids.
EXPERIMENTAL
The experiments reported in this paper were performed during the months of July and August, 1941. Fertilization of the eggs was carried out in large Petri dishes, the precautions recommended by Whitaker (13) being observed. The d~ uptake was measured, as usual, in Warburg-Barcroft manometers and vessels. Pyruvate was determined colorimetrically by a modification of the method of Lu (14) . In experiments in which the pyruvate content of Arbacia eggs was determined, the eggs were centrifuged and 4 volumes of 20 per cent trichloroacetic acid were added. The suspengion was transferred to a mortar for grinding. Mter centrifugation, 5 cc. of the supernatant were neutralized with strong NaOH and the echinochrome was adsorbed with kaolin. To the filtrate, 5 cc. of 10 per cent trichloroacetic acid were added and 2 cc. of this fluid were taken for analysis. When pyruvate utilization was determined it was not necessary to absorb the echinochrome because the sensitivity of the colorimetric method (from 0.4 to 4 micrograms) made possible a large dilution of the samples, Colorimetric readings were made with a Pulfrich photometer with filter $400. The diphosphothiamine content was determined by the method of Lohmann and Schuster (15) as modified by Ochoa and Peters (16) . The alkaline washed yeast was prepared by the method of Barron and Lyman (17) . Eight cc. of water were added to 3 to 4 cc. of centrifuged cells and the mixture was ground with sand in a mortar. The ground suspension was then heated in a water bath at 100 ° for 3 minutes. The suspension was cooled rapidly, centrifuged, and 1 ce. of the supernatant fluid taken for analysis.
The anaerobic utilization of succinate was determined by the ferricyanide technique of Quastel and Wheatley (18) . The eggs were suspended in an equal volume of water, 5 cc. of this suspension being used per vessel. The ferricyanide concentration was 0.01 ]a and the reaction was carried out manometrically in bicarbonate buffer, pH 7.4, with N~: COs as the gas phase, a-ketoglutarate was determined colorimetrically by the same procedure as that for pyruvic acid. The diphosphothiamine used as standard was a sample from Merck and Co., which was 70 per cent pure, as compared with the activity of a sample Of natural cocarboxylase prepared at the laboratory according to Lohrnann and Schuster (15) . Lithium pyruvate and a-ketoglutaric acids were prepared at the laboratory.
Pyruvic Acid Catitent of Arbacia and Starfish Eggs
When OrstrSm and Lindberg (7) found an increase in the utilization of glycogen during the fertilization of sea urchin eggs, they attempted to show the presence of pyruvic acid by the bisulfite titration method of Case (19) . A similar method had been used previously by RunnstrSm (3) while attempting to determine the nature of the acid liberated on fertilization. Both authors failed to find pyruvic acid. This failure is quite understandable because of the small amount of pyruvic acid present in the eggs. Such amounts could be detected only by the colorimetric method introduced by Lu (14) , which can determine amounts of pyruvic acid as small as 0.4 microgram. The pyruvic acid content of sea urchin eggs was found to be on the average 63 micrograms per gin. of dry weight of eggs, an amount quite small when compared with the total carbohydrate, which is 110 rag. per gin., or the lactic acid, which is 450 micrograms (6) . The pyruvic acid content of starfish eggs was even less, about 26 micrograms per gin. (Table I ). 
Utilization of Pyruvate and a-Ketoglutarate by Arbacia Eggs
Once pyruvic acid was found in the eggs of Arbacia punctulata it was deciced to study the utilization of this intermediary compound of carbohydrate metabolism. For this purpose the eggs, washed twice in sea water, were kept in large flat dishes containing 100 cc. of sea water and 0.005 m lithium pyruvate. They were fertilized with fresh sperm and kept at room temperature (22-24 ° ) for periods of 1 to 5 hours. One cc. of the suspension of eggs was added to 10 cc. of 10 per cent trichloroacetic acid for the colorimetric determination immediately after pyruvate addition. This was repeated at the end of the experiment. "The pyruvate utilized" is the difference between the initial and the final pyruvate content. Unfertilized eggs utilized about 64 micrograms of pyruvic acid per gin. (dry weight) of eggs. On fertilization, the amount of pyruvic acid utilized rose to about 445 micrograms; i.e., a sevenfold increase (Table II) general lower than in the absence of pyruvate, a phenomenon quite frequent with pyruvate.
In the absence of chemical analysis it might have been coneluded that pyruvate was not utilized or did not penetrate the cell.
An attempt was made to correlate the O~ uptake with pymvate utilization by measuring manometrically the pyruvate in the egg suspensions contained in the Warburg vessels. The Qpy .... ~ values obtained by decarboxylation with yeast were too high, from 9 to 13; i.e., I0 times as much as the values obtained by the colorimetric method. If these were the correct values, they would exceed the 02 uptake sevenfold. An explanation for this discrepancy was found in the summer of !945. Sea water produced an inhibition of the activity of yeast carboxylase. On adding Icc. of sea water to the test system (I cc. of acetate buffer, pH 4.97, containing I0 micromoles of lithium pyruvate plus I cc. of water, or sea water, or mixtures of H~O and sea water, in the main portion of the Warburg vessel, and 0.8 cc. of yeast suspension containing 50 mg. of washed, dried brewers' yeast in the side arm) there was an inhibition of 94 per cent; 0.5 cc. of sea water produced an inhibition of 81 per cent; 0.2 cc. sea water inhibited 49.5 per cent; and 0.I cc. of sea water, 32 per cent (Fig. l) . The inhibition was shown to be due to the salt content of sea water. The yeast carboxylase method is thus unreallable for the determination of pyruvate in the presence of sea water.
cx-Ketoglutarate was not utilized by sea urchin eggs in experiments where ¢x-ketoglutarate (0.001 M) was added to sea water and was determined colorimetrically.
Dipkospkotkiamine Content of Arbacia Eggs and Sperm
Most of the reactions of pyruvate in cells (oxidation, dismutation, decarboxylation) require diphosphothiamine as coenzyme. To see whether pyruvate metabolism in sea urchin eggs needed diphosphothiamine, its deterruination was made manometrically according to the procedure described in the experimental part of this paper. The diphosphothlamine content of fertilized and unfertilized eggs was found to be the same, about 11.3 micrograms per gin. dry weight. The diphosphothiamine content of sperm was higher, 21.5 micrograms (Table III) . However, these values must be multiplied by 1.43, because the sample of diphosphothiam!ne used (kindly provided by Merck and Co.) was found to be 70 per cent active when compared to a sample of 'yeast cocarboxylase prepared at the laboratory according to Lohmalm and Schuster (15) . Krahl et al. (20) working the same year, independently, found an average diphosphothlamine value of 8.5 micrograms per gin. dry weight. They also confirmed the increased pyruvate utilization by sea urchin eggs on fertilization.
Succinate Utilization by Arbacia Eggs and Sperm
The lack of cytochrome c and of suecinie dehydrogenase in sea urchin eggs was reported by Ball and Meyerhof (21) . They also found that sperm was rich in cytochrome oxidase, the three cytochromes, and succinic dehydrogenase. The presence of cytochrome oxidase in sea urchin eggs was shown by Krahl et al. (22) . It was interesting to see whether the eggs on fertilization by sperm, and during the process of cell division, reproduced the succinic dehydrogenase and cytochrome c brought to them by the sperm. The presence of succinic oxidase (the complete system made up by the dehydrogenase, flavin (?), cyto- chrome c, and cytochrome oxidase) was tested for by measuring the oxygen uptake in the absence and in the presence of succinate. The values obtained in fertilized eggs, at the 4 to 8 cell stage, and in pluteus (24 hours) were identical. In sperm, the oxygen uptake in the presence of succinate was increased by 30
per cent (Table IV) . The succinic dehydrogenase was determined manometrically by the method of Quastel and Wheatley (18): oxidation of the activated succinate by ferricyanide in bicarbonate buffer and N2:CCh as gas phase. Under those conditions two equivalents of ferricyanide are reduced to ferrocyanide on oxidation of one mole of succinate, and each equivalent of ferrocyanide liberates one mole of CCh. Care must be taken to run the appropriate blanks because some ferricyanide is reduced in the presence of eggs heated for 10 minutes at 70 ° (presumably due to ferricyanide oxidation of the lipids of the eggs). The CCh formation in fertilized eggs (4 to 8 cell stage, and 24 hour pluteus) was the same whether in the presence or in the absence of succinate, while in sperm there was a large CO2 formation in the presence of succinate (Fig. 2) . It must be concluded from these experiments that succinic dehydrogenase does not appear in the eggs even 24 hours after fertilization.
DISCUSSION
From the extensive investigations on the mechanism of cell division and the experiments reported in this paper it must be concluded that there is as yet no full tmd~rstmading of the physical and chemical,meChanisms which bring forth this process. There is agreement, however, on ~the opinion that we mm confronted with a series of events which together culminate in the phenomena of membrane formtion and cell division. The initial process, formation of fertilization membrane, entrance of the spermatozoo~ into the ovum with no nu~:Mar changes, may be called the anaerobic p~se, because :it may take place trader strict anaerobic conditions (10). H energy is required for tMs process it must be obtaineff by the anaerobic splitting of carbohydrate to lactic acid. The lack of increase of lactic acid formation during fertilization, observed by Perlzweig and Barron (,2), does not contradict this assumption, because lactic acid changes were measured by these authors in the cell division stage and not in the early phase of membrane formation. The nuclear changes which follow membrane formation and end in cell division constitute the aerobic phase and must require the energy provided by oxidative reactions. The increased utilization of glycogen accompanied by the increased utilization of pyruvate may provide the energy necessary for the process of cell division. Furthermore, the introduction during the cell division process of three or four oxidative steps (the series of oxidations carried on by the cytochrome system) in the series of reactions from substrate to molecular oxygen will increase the efficiency of the reactions, so that for the same amount of 02 utilized there will be a more e~cient utilization of energy. Whether carbohydrate is metabolized entirely via glycolysis, or is oxidized through the pathway of hexosemonophosphate oxidation as suggested by (Jrstrt~m and Lindberg (7), is not known. Neither is the nature of the acid formed on cell division known. Some of it may be acetic acid formed on oxidation of pyruvic acid.
The cytochrome system present in the unfertilized egg is non-functional and does not take part in the transfer of electrons to molecular oxygen (respiration is unsensitive to HCN and CO). It becomes operative on fertilization (inhibition of respiration by HCN and CO). Krahl at a/. (22) think this is due to a change of the oxidation-reduction potential of the iron¢porphyrin system by formation of iron-porphyrin-protein compounds of mare positive potential. It is also quite possible that the iron-porphyrins in the unfertiUzed sea urchin eggs are attached to structures containing highly polymerized nucleoproteins. In the process of membrane formation there is an increase in the permeability of the cell membrane, which will bring about achange in the electrolyte concentmtion with subsequent depolymerization of the nudleoproteins and liberation of the cytochromes. ~[t has been shown by Mirsky and Pollister (23) that the solubility of nucleoproteins changes with the salt concentration and they have presented evidence that 'the bond betvceen protein and nucleic acid is loose in these nucleoproteins. Moreover, Heilbrunn (24) has shown that the viscosity of the protoplasm of Arbacia eggs is altered on fertilization.
The increased NI-Ia formation is also probably due to release from nucleoprotein structures of deaminases which de~min.~te palin~ libemtmt in the process of depolymerization of the nucleoproteins. It would seem idle to dwell on the quantitiative aspects of the contribution of these changes to the process of cell division, since they were found b3r d~t observers in different seasons and in different species of sea urchins. It is well recognized that the metabolism of Arbacia eggs varies considerably from season to season, and even in the same season, because of the relative paucity of regulating mechanisms.
Up to the 24 hour pluteus stage there is no development of suc¢ir~ dehydrogenase and cytochrome c in the fertilized egg, although these enzymes were carried into the egg by the sperm. This lack o~ development is at1 indica~ tion that t.he eggs do not possess the building stones for the formation of these proteins. We have here a phenomenon similar to that described by Sonneborn (25) when he studied the determination and 4rtheritanee of the "killer" character in a variety of Paramecium aurelia. He found that when some of the cytoplasmic substance is present, the gene controls its continued production; but when the cytoplasmic substance is absent, the gene cannot initiate its production.
SUM' MARY
The eggs of Arbacia and starfish contained about 70 and 25 micrograms of pyruvate per gin. of dry cells respectively. Arbada eggs utilized added pyruvate, although the O~ uptake did not increase. On fertilization the utilization of pyruvate increased sevenfold. This pyruvate seems to be metabolized, as in other cells, with diphosphothiamine as coenzyme. The diphosphothiamine content of fertilized and non-fertilized eggs was about 16 micrograms; that of sperm, 30 micrograms. Penetration of sperm into the egg and fertilization with cell division to the pluteus stage did not bring forth appearance of succinodehydrogenase. The possible mechanism of fertilization and cell division is discussed.
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